The neural extracellular matrix protein RPTP/phosphacan is abnormally glycosylated in models of congenital muscular dystrophies (CMDs). Results: RPTP/phosphacan is invested with unique and cell-specific O-mannosyl carbohydrate structures. Conclusion: RPTP/phosphacan is a major substrate for O-mannosyl glycosylation, which is a pathway critical in CMDs. Significance: Abnormal glycosylation of RPTP/phosphacan is neural cell-specific and may play a role in CMDs.
Protein O-mannosylation is a glycan modification that is required for normal nervous system development and function. Mutations in genes involved in protein O-mannosyl glycosylation give rise to a group of neurodevelopmental disorders known as congenital muscular dystrophies (CMDs) with associated CNS abnormalities. Our previous work demonstrated that receptor protein-tyrosine phosphatase (RPTP)/phosphacan is hypoglycosylated in a mouse model of one of these CMDs, known as muscle-eye-brain disease, a disorder that is caused by loss of an enzyme (protein O-mannose ␤-1,2-N-acetylglucosaminyltransferase 1) that modifies O-mannosyl glycans. In addition, monoclonal antibodies Cat-315 and 3F8 were demonstrated to detect O-mannosyl glycan modifications on RPTP/ phosphacan. Here, we show that O-mannosyl glycan epitopes recognized by these antibodies define biochemically distinct glycoforms of RPTP/phosphacan and that these glycoforms differentially decorate the surface of distinct populations of neural cells. To provide a further structural basis for immunochemically based glycoform differences, we characterized the O-linked glycan heterogeneity of RPTP/phosphacan in the early postnatal mouse brain by multidimensional mass spectrometry. Structural characterization of the O-linked glycans released from purified RPTP/phosphacan demonstrated that this protein is a significant substrate for protein O-mannosylation and led to the identification of several novel O-mannoselinked glycan structures, including sulfo-N-acetyllactosamine containing modifications. Taken together, our results suggest that specific glycan modifications may tailor the function of this protein to the unique needs of specific cells. Furthermore, their absence in CMDs suggests that hypoglycosylation of RPTP/ phosphacan may have different functional consequences in neurons and glia.
Protein glycosylation is an essential post-translational modification of cell surface and secreted proteins in organisms ranging from archaea to mammals. For the most part, glycans are added to proteins at Asn residues (N-linked) or at Ser/Thr residues (O-linked), although other linkages have been described (for a review, see Ref. 1 ). Among the O-linked class of glycoprotein glycans in vertebrates, the monosaccharide composition defines the biosynthetic pathways responsible for their production: mucin-type, O-Fuc, O-Glc, O-GlcNAc, glycosaminoglycans, and O-Man. Although originally thought to only occur in fungi, it is now appreciated that protein O-mannosylation is evolutionarily conserved, occurring in insects, fish, and mammals, among other species (for a review, see Ref. 2) . Pioneering biochemical studies documented that O-mannose-initiated glycans comprise nearly one-third of the total O-glycans in the brain (3) (4) (5) (6) . Despite its conservation across species and high abundance in the brain, only a few proteins have been identified as carriers of this unique glycan modification, and their function remains poorly understood.
Proper O-mannosyl glycosylation is required for normal central nervous system (CNS) development. Mutations in genes involved in O-mannosylation give rise to congenital muscular dystrophies (CMDs) 2 with associated CNS abnormalities (7) (8) (9) (10) . Previous studies have clearly shown that abnormal glycosylation of ␣-dystroglycan (␣-DG), perhaps the most well characterized O-mannosylated protein, accounts for many of the neurological phenotypes associated with these disorders (11, 12) . Recent studies have identified additional novel protein substrates for O-mannosyl glycosylation (13) (14) (15) (16) (17) , raising the possibility that abnormal glycosylation of these proteins may also contribute to neurological abnormalities.
Muscle-eye-brain disease is a type of CMD caused by mutations in the POMGNT1 gene, encoding protein O-mannose ␤-1,2-N-acetylglucosaminyltransferase 1 (POMGnT1) (18, 19) . POMGnT1 catalyzes the addition of ␤-1,2-GlcNAc onto the mannose residue linked to a protein Ser/Thr residue. The addition of this GlcNAc is required for all subsequent modifications of branched and terminal non-reducing end glycan structures (19, 20) . Our previous work demonstrated that receptor protein-tyrosine phosphatase (RPTP)/phosphacan is hypoglycosylated in a mouse model of muscle-eye-brain disease lacking POMGnT1 activity (14) , indicating that RPTP/phosphacan is modified with O-mannose-linked glycans and may contribute to the neurological abnormalities in CMDs.
RPTP/phosphacan is encoded by the PTPRZ1 gene, and the full-length protein is a trans-membrane receptor protein-tyrosine phosphatase (RPTP) (21) . Alternative splicing gives rise to a long-secreted isoform, phosphacan, which is a well characterized secreted chondroitin sulfate proteoglycan (CSPG) of the neural extracellular matrix (21) (22) (23) . Two additional isoforms, a short receptor form and a short secreted variant (PSI), primarily associate with the cell membrane (24, 25) . RPTP/phosphacan is predominately expressed in the CNS (26, 27) , where it contributes to a diverse array of biological processes required for normal development and brain function (28 -37) . In contrast, the precise functions of the O-mannosylated forms of RPTP/ phosphacan have been difficult to determine using animal models that lack O-mannosylation because the concomitant aberrant glycosylation of ␣-DG drives dominant neurological phenotypes. Additionally, our previous biochemical and immunochemical characterization of RPTP/phosphacan glycosylation indicated that the protein is decorated with an array of distinct O-mannosyl-dependent epitopes that we hypothesize may individually and uniquely affect function (14) .
Here we demonstrate that distinct O-mannosyl glycoforms of RPTP/phosphacan are expressed in a cell-specific manner, in that glial cells express different glycoforms than neurons. Further analysis by immunoprecipitation demonstrates that the cell-specific glycoforms are biochemically distinct variants of RPTP/phosphacan. Finally to comprehensively define the O-mannosyl glycome of RPTP/phosphacan, we performed in depth glycan structural analysis. Our results show that this protein is modified by a heterogeneous array of O-mannosyl glycan structures, including sulfated forms. Our data demonstrate the cell specificity of O-mannosyl glycosylation in the brain and provide a new perspective on historical studies that characterized the function and ligands of RPTP/phosphacan.
EXPERIMENTAL PROCEDURES
Animals-Protocols for animal usage were approved by the Institutional Animal Care and Use Committee of Upstate Medical University. Wild type pregnant CD1 mice were purchased from Charles River Laboratory (Wilmington, MA). POMGnT1 knock-out mice (strain: B6; 129S5-POMGnT1 tm1lex/Mmucd ) were purchased from MMRRC at the University of California (Davis, CA).
Antibodies-Cat-315 has been previously published and characterized (38, 39) . The 3F8 antibody developed by Dr. Margolis was obtained from the Developmental Studies Hybridoma Bank (developed under the auspices of the NICHD, National Institutes of Health, and maintained by the University of Iowa) (21, 23) . The rabbit polyclonal anti-RPTP/phosphacan core antibody was made against amino acids in the N-terminal domain, peptide sequence YYRQQRKLVEEIGWSYTGAL-NQKC, and affinity-purified and tested for its specificity (Yen-Zym Antibodies, LLC, South San Francisco, CA). Polyclonal anti-neurocan was purchased from R&D Systems (Minneapolis, MN). Polyclonal anti-brevican and monoclonal anti-HNK-1 were purchased from BD Biosciences. Mouse monoclonal antiphosphacan 5210 (clone 122.2) and rabbit polyclonal anti-NG2 were purchased from Chemicon, EMD Millipore (Billerica, MA). Mouse monoclonal anti-␤III-tubulin (TuJ1) was purchased from Covance (Princeton, NJ).
Primary Cortical Cultures-Mixed primary cortical cultures were prepared essentially as described previously (40) . Briefly, the cortices from embryonic day 16 CD-1 wild type or POMGnT1 embryos were removed and digested in 0.25% trypsin-EDTA. Cells were plated in Neurobasal Medium containing 3% B27, 1ϫ Glutamax, and 1ϫ penicillin/streptomycin (Life Technologies, Inc.) on glass coverslips coated with 50 g/ml poly-D-lysine (Sigma-Aldrich). For arabinofuranosyl cytidine (AraC) treatment, 5 M AraC (Sigma-Aldrich) was added at 1 day in vitro (DIV) and removed with a full medium change at 3 DIV. All cells received either a half or full medium change at 3 DIV.
Immunohistochemistry and Microscopy-Cells were rinsed in 1ϫ Dulbecco's phosphate-buffered saline and fixed by submersion into Ϫ20°C methanol for 2 min. Cells were then washed with 1ϫ Dulbecco's phosphate-buffered saline and treated with 0.6 units/ml bovine testicular hyaluronidase (BTH) (Sigma-Aldrich) diluted in PBS for 4 h at 37°C to enhance 3F8 immunoreactivity. Cells were blocked in 5% nonfat dry milk diluted in 1ϫ PBST with 0.5% Triton X-100 for 45 min at room temperature. Primary antibodies were diluted in 5% nonfat dry milk in 1ϫ PBST and incubated overnight at 4°C. Alexa-Fluor-conjugated secondary antibodies (Life Technologies) were used, and nuclei were visualized with Hoechst stain. Coverslips were mounted on glass slides with the ProLong antifade kit (Life Technologies) and imaged on an epifluorescent Zeiss Imager.A2 with Nikon Elements software package. Final images were formatted and compiled into figures using Photoshop CS5.5.
Histology-For staining with the Cat-315 antibody, postnatal day 0 (P0) mice were transcardially perfused with PBS followed by 4% phosphate-buffered paraformaldehyde. Whole brains were postfixed for 1 h in 4% phosphate-buffered paraformaldehyde and cryoprotected by sinking in 30% phosphate-buffered sucrose. 14-m coronal sections were cut using a cryostat and mounted and stained directly on glass slides. Tissue sections were blocked and stained in screening medium (DMEM, 5% FBS, 0.2% sodium azide, 1.0% Triton X-100). Mouse monoclonal anti-␤III-tubulin (TuJ1) was used as a neuronal marker. Sequential staining was performed with TuJ1, followed by Cat-315 and Ig subclass-specific secondary antibodies.
For staining with the 3F8 antibody, P0 mouse brains were removed, embedded in O.C.T, and flash-frozen in isopentane on dry ice. Coronal sections were prepared as above. Tissue sections were fixed for 10 min in 4% phosphate-buffered paraformaldehyde and then blocked and stained in 5% nonfat dry milk in 1ϫ PBST with 1.0% Triton X-100. Rabbit polyclonal anti-NG2 was used to stain oligodendrocytes. In all cases, nuclei were counterstained with Hoechst and imaged as described above.
Preparation of Homogenates, Soluble Fraction-Tissue homogenates with respective soluble and particulate fractions were prepared as described previously (41) . For O-linked glycan analysis, whole brains from P4 wild type CD1 mice were homogenized in 3 volumes of 25 mM Tris-HCl (pH 7.4) containing 0.32 M sucrose and a protease inhibitor mixture (EDTA-free Complete, Roche Applied Science). For biochemical studies, whole brains from wild type or POMGnT1 knock-out P4 mice were similarly homogenized in 10 volumes. The soluble fraction was isolated by centrifugation at 950 ϫ g for 10 min at 4°C, and the resulting postnuclear supernatant was centrifuged again at 20,000 ϫ g for 30 min. The postmembrane supernatant was centrifuged at 100,000 ϫ g for 60 min to obtain final soluble and particular fractions.
Immunoprecipitation-Soluble fraction from wild type P4 mouse brain was diluted to 2.0 mg/ml in 40 mM sodium phosphate buffer, pH 7.5, 25 mM NaCl, protease inhibitor tablet, mini, EDTA-free (Roche Applied Science). Deglycosylation was performed by incubating samples for 2 h at 37°C with 150 units/ml BTH (which also removes CS-GAG chains) (Sigma-Aldrich).
Ten volumes of Cat-315 hybridoma medium was incubated with goat anti-mouse IgM-agarose beads (Sigma-Aldrich) at 4°C overnight. Similarly, 3F8 was diluted 1:30 in PBS and incubated with protein A/G beads (Santa Cruz Biotechnology, Inc., Dallas, TX) at 4°C overnight. For immunoprecipitation, samples were diluted to 1 mg/ml in 25 mM Tris, pH 8.0, with protease inhibitor tablet, mini, EDTA-free (Roche Applied Science), and 500 g was used in each reaction. Protein samples and antibody/bead mixture were incubated overnight, rotating at 4°C. Beads were washed three times in 25 mM Tris, pH 8.0, followed by two washes in PBS and boiled under reducing conditions in 2ϫ sample buffer. Starting material and immunoprecipitated material were electrophoresed on 5% SDS-polyacrylamide gels and processed for blotting as described below. To directly compare immunoprecipitated samples, we controlled for the amount of RPTP/phosphacan electrophoresed by loading amounts of immunoprecipitated material that yielded similar levels of immunoreactivity for an antibody against the protein core of RPTP/ phosphacan (generated as described above). Membranes were then stripped and reprobed with antibodies against O-mannosyl carbohydrate epitopes on RPTP/phosphacan.
SDS-PAGE and Western
Blotting-Prior to electrophoresis, protein concentrations were determined by a BCA assay. Samples were treated with BTH to remove CS-GAG chains prior to SDS-PAGE. Samples were diluted in 1ϫ BTH buffer (40 mM sodium phosphate buffer with 25 mM NaCl, pH 7.4) and incubated with 1 mg/ml BTH for 2 h at 37°C. Samples were then reduced and denatured.
SDS-polyacrylamide gels (5, 7, or 4 -12%) were used (gradient gels only were purchased from Bio-Rad). Stains-all staining for the visualization of acidic proteins was completed on SDSpolyacrylamide gels according to a published protocol (42) . For Western blotting, SDS-polyacrylamide gels were transferred to nitrocellulose membranes. Western blots were completed as described previously (41) . Blots were incubated with primary antibodies and detected with HRP-conjugated secondary antibodies followed by Supersignal West Pico or Femto chemiluminescent substrate (Thermo Scientific, Rockford, IL) and Kodak Biomax MR film (Sigma-Aldrich). In some cases, blots were stripped with Re-Blot Plus Strong reagent (Chemicon) and reprobed.
Anion Exchange Chromatography-Anion exchange chromatography was performed to enrich for RPTP/phosphacan in the soluble fraction. Previous work has suggested that phosphacan is one of the more abundant soluble CSPGs in the early postnatal mouse brain.
To purify RPTP/phosphacan for O-glycan analysis, ϳ100 wild type mouse brains were collected at P4. The soluble fraction was isolated using non-dissociative conditions as described above and pooled. To further enrich for phosphacan, we performed anion exchange chromatography. The total P4 soluble fraction was diluted 1:1 in 25 mM Tris-HCl (pH 7.4) containing 0.5 M NaCl and filtered. Anion exchange chromatography was performed using a 1-ml HiTrap Q HP column and peristaltic PI pump connected to an Amersham Biosciences Pharmacia Redi-Frac fraction collector (GE Healthcare). Prior to and following sample binding, the column was equilibrated and washed in 25 mM Tris-HCl (pH 7.4) containing 0.5 M NaCl. Elution was done in a continuous gradient from 0.5 to 1.0 M NaCl over 10 column volumes ending with a final 2 M NaCl bump. 125-l fractions were collected at a rate of 250 l/min. Most protein eluted at ϳ0.58 M NaCl, whereas RPTP/phosphacan eluted as a single peak between ϳ0.95 and 1.0 M NaCl. Fractions of eluate containing phosphacan were identified by dot blot analysis and then pooled into a single sample and dialyzed into 40 mM Tris-HCl (pH 8.0) containing 40 mM sodium acetate using 7,000 molecular weight cut-off Slide-A-Lyzer dialysis cassettes (Pierce) overnight at 4°C. The dialyzed sample was then concentrated in 100,000 molecular weight cut-off concentrators (AmiconUltra, EMD Millipore) by centrifugation.
Analysis of O-Linked Glycans-Dialyzed samples were dried, and O-glycans were released using reductive ␤-elimination as described previously (20, 43) . Briefly, dried samples were resuspended in 1 M NaBH 4 in 50 mM NaOH and incubated at 45°C for 18 h. The reaction mixture was neutralized with 10% acetic acid and desalted using an AG-50W-X8 column. Released oligosaccharides were dried, and borate was removed by adding 10% acetic acid in methanol and drying. Released oligosaccharides were permethylated according to Anumula and Taylor (44) . After permethylation, organic-aqueous partition was employed to separate sulfated and non-sulfated glycans into aqueous and organic (dichloromethane) phases, respectively (45) . The partitioned, permethylated glycans were dried and dissolved in 1 mM NaOH in 50% methanol and directly infused into an Orbitrap (Fourier transform) or a linear ion trap mass spectrometer equipped with a nanospray ionization source (LTQ-Orbitrap, Thermo Fisher Scientific). For fragmentation by collision-induced dissociation in MS/MS and multidimensional MS (MS n ) modes, 35-40% collision energy was applied. The total ion mapping functionality of the Xcalibur instrument control software was invoked to monitor MS/MS fragmentation of all precursor ions by acquiring automated MS/MS spectra in collection windows 2.8 mass/charge units in width as described previously (43) .
RESULTS

Cat-315 and 3F8 O-Mannosyl Epitopes on RPTP/Phosphacan Decorate Different Cell
Populations-Our previous work indicates that carbohydrate antibodies specific for RPTP/phosphacan, including Cat-315, 6B4, and 3F8, detect epitopes that are O-mannose-linked (14) . However, it remained unclear whether these antibodies define cell-specific modifications of RPTP/phosphacan because some studies have considered antibody binding to neurons and some to glia, but a careful comparative analysis has not been presented (39, 46) . Therefore, we prepared cortical cell cultures containing both neurons and glia from the brains of embryonic mice and stained these cells with our O-mannosyl-directed antibodies. We found that over the first several days in culture, Cat-315 and 3F8 immunoreactivity increased on non-overlapping populations of cells ( Fig. 1, A and B) . To confirm that immunostaining obtained with these antibodies was indeed on O-mannosylated carbohy-drate epitopes, we also performed Cat-315 and 3F8 staining in mixed cortical cultures from wild type and POMGnT1 knockout mice. In agreement with our previous reports, the immunoreactivity of both Cat-315 and 3F8 was largely eliminated from POMGnT1 knock-out cultures, with the exception of subtle residual staining that remained for Cat-315 ( Fig. 1C) .
Although previous studies have characterized the immunoreactivity of neurons for the Cat-315 and 6B4 epitopes, the fate of cells reactive for 3F8 remains incompletely characterized. Therefore, we performed triple labeling with Cat-315, 3F8, and the early neuronal cell marker, doublecortin (DCX). In agreement with previous studies (39), we observed that Cat-315reactive punctate staining decorated a subpopulation of DCXpositive neurons. In contrast, 3F8 immunoreactive cells were not DCX-positive ( Fig. 2A ). To determine whether 3F8 reactivity was on a population of neurons not labeled by DCX, we treated cultures with AraC, which preferentially eliminates actively dividing cells and spares postmitotic neurons. We found that AraC treatment had no effect on Cat-315 reactivity but eliminated 3F8 reactivity ( Fig. 2B ), suggesting that the cells reactive for 3F8 were probably actively dividing and potentially glial in nature. Therefore, we performed immunocytochemistry with 3F8 and markers of glial cell subclasses. We observed that 3F8-reactive cells were reactive for the immature astrocyte marker, GLAST. Additionally, we found that subpopulations of 3F8-reactive cells were also reactive for PDGFR␣ and NG2, markers of oligodendrocyte precursors (Fig. 2C ).
We next conducted immunohistological studies to confirm that neuronal and glial subclasses were also preferentially decorated with either the Cat-315 or 3F8 epitope, respectively, in brain sections. We found that the distribution of Cat-315 immunoreactivity overlapped with ␤III-tubulin (TuJ1) staining in the cortex. In contrast, 3F8 immunoreactivity was preferentially enriched surrounding a small subpopulation of cells, which were positive for the oligodendrocyte marker, NG2 (Fig.  2D ). Taken together, the antibody probes indicate that Cat-315-and 3F8-reactive glycoforms of RPTP/phosphacan preferentially decorate subclasses of neurons and glia, respectively, in primary neuronal cultures and in brain tissue.
Antibodies against O-Mannosyl Epitopes on RPTP/Phosphacan Recognize Distinct Structural Topologies-The specific expression of Cat-315 and 3F8 by non-overlapping cell populations led us to hypothesize that these antibodies may be detecting biochemically distinct glycoforms of RPTP/phosphacan in the brain. To investigate this possibility, we immunoprecipitated RPTP/phosphacan from the soluble fraction of early postnatal mouse brain using either the Cat-315, 3F8, or 5210 antibody and then cross-probed Western blots with each antibody. In all cases, a single band of apparent molecular mass greater than 250 kDa was detected with antibodies against RPTP/phosphacan. We did not observe differences in the molecular mass of this band across samples immunoprecipitated using different antibodies ( Fig. 3) .
Studies from our laboratory and others have suggested that Cat-315 detects a terminal HNK-1 epitope that is O-mannose-linked to phosphacan in the early developing brain. Our previous study suggested that 3F8 also detects an O-mannose-linked epitope on phosphacan, whose structure remains undetermined. We found that RPTP/phosphacan immunoprecipitated with Cat-315 was poorly reactive for 3F8 and preferentially reactive for the Cat-315 antibody. Conversely, RPTP/phosphacan immunoprecipitated with 3F8 was poorly reactive for Cat-315 and preferentially reactive for the 3F8 antibody ( Fig. 3) . These results suggest that Cat-315 and 3F8 detect largely distinct glycoforms of O-mannosylated RPTP/phosphacan.
Our previous study suggested that the 5210 antibody detects both N-and O-mannose-linked epitopes on RPTP/phosphacan. We found that material immunoprecipitated with Cat-315 or 3F8 was similarly reactive for 5210 ( Fig. 3 ). However, material immunoprecipitated with 5210 was only poorly reactive for 3F8 and preferentially reactive for 5210 and Cat-315 ( Fig. 3) . These results indicate that only a small percentage of 5210-reactive glycoforms of RPTP/phosphacan are modified with the 3F8-reactive epitope, whereas a greater percentage of 3F8-reactive glycoforms are modified with the 5210 epitope.
We have reported a high degree of similarity in the reactivity of 5210 and anti-HNK-1 antibodies (14) . Both antibodies detect O-mannose and N-linked glycans on RPTP/phosphacan in addition to primarily N-linked glycans on several other lower molecular mass proteins. We investigated whether proteins immunoprecipitated with Cat-315, 5210, and 3F8 were also recognized by anti-HNK-1 antibody. We found similar levels of HNK-1 immunoreactivity across all immunoprecipitated samples ( Fig. 3 ). Together, these results suggest that 3F8 and Cat-315 define mutually exclusive O-mannosylated glycoforms Cultures were then double-stained for Cat-315 (red) and 3F8 (green). In untreated control cultures, populations of cells reactive for Cat-315 and 3F8 were present. Following AraC treatment, cultures retained Cat-315 immunoreactivity but lost 3F8 immunoreactivity. C, cultures were fixed at 4 DIV and doublestained for 3F8 and markers of glial cell subclasses, including glial glutamate transporter GLT-1 (GLAST), platelet-derived growth factor receptor ␣ (PDGFR␣), and NG2 chondroitin sulfate proteoglycan (NG2). Cells decorated with 3F8 immunoreactivity were reactive for glial cell class markers GLAST, PDGFR␣, and NG2. D, tissue sections from P0 brains stained with the neuronal marker TuJ1 and Cat-315 demonstrate that Cat-315-reactive phosphacan is associated with neuronal cells and processes. In contrast, sections stained with NG2 and 3F8 demonstrate that 3F8-reactive phosphacan is enriched around a subset of glial cells. Together, these data reveal the cell-specific expression of different phosphacan glycoforms. In all cases, cells are counterstained with Hoechst nuclear stain (blue). Scale bar, 50 m. 3F8-, and 5210-immunoreactive glycoforms of RPTP/phosphacan were immunoprecipitated (IP) from the soluble fraction of early postnatal mouse brain. The total amount of RPTP/phosphacan electrophoresed was normalized using an antibody directed against the peptide core by Western blot analysis (WB). The reactivity of IP samples for opposing antibodies against O-mannosyl-linked carbohydrate epitopes on RPTP/phosphacan was investigated. Cat-315 IP material was preferentially reactive for the Cat-315 and 5210 antibodies and not for 3F8. 3F8 IP material was preferentially reactive for the 3F8 and 5210 antibodies and not for Cat-315. 5210 IP material was preferentially reactive for Cat-315 and 5210 and not for the 3F8 antibody. All IP samples were similarly reactive for the 5210 antibody and an antibody against the HNK-1 epitope. In all cases, the only bands that were detected resolved above 250 kDa and corresponded to RPTP/phosphacan. M, mock sample with beads only; ϩ, with antibody included in reaction.
of RPTP/phosphacan, although both glycoforms possess epitopes reactive for 5210 and anti-HNK-1 antibodies.
RPTP/Phosphacan Enrichment from the Soluble Fraction of Early Postnatal Mouse Brains-To define the diversity of O-linked glycan structures, including O-mannosyl glycans, on phosphacan, we enriched brain extracts for phosphacan using anion exchange chromatography. To assess the chromatographic enrichment for phosphacan, we took advantage of glycosylation with CS-GAG chains. Without removal of CS-GAG chains, the molecular mass of phosphacan is highly heterogeneous, running as a high molecular mass smear by SDS-PAGE. However, enzymatic removal of CS-GAG chains (by BTH treatment) collapses this smear into a single band of apparent molecular mass Ն250 kDa. Amido Black does not stain the undigested protein well due to its high density of negative charge and did not clearly detect phosphacan. However, after treatment with BTH to remove CS-GAG chains, a single high molecular mass band corresponding to phosphacan appeared at 250 kDa following Amido Black staining (Fig. 4A ). To more clearly visualize the shift of phosphacan from a smear to a single band, we employed Stains-all, which detects acidic proteins with greater sensitivity. Again, we found that a high molecular mass smear was present in the purified sample and that this smear collapsed into one major band of apparent molecular mass Ն250 kDa following BTH treatment (Fig. 4A ). An additional minor band of lower apparent molecular mass was also detected by Stains-all. By Western blot analysis, we confirmed that the predominant high molecular mass band was phosphacan and that it carried O-mannosyl glycans based on its reactivity with both Cat-315 and 3F8. We also assessed the presence of other CSPGs, known to be expressed during this developmental time window, in our phosphacan-enriched material and were able to detect neurocan and brevican as additional, minor components ( Fig. 4B ). Of these two components, only neurocan exhibited an enrichment by anion exchange chromatography, albeit to a lesser extent than the enrichment of phosphacan.
To examine whether the other CSPGs present at lower abundance than phosphacan were also modified with O-mannosyllinked glycans, we performed Western blot analysis on soluble fractions from early postnatal wild type and POMGnT1 knockout brains. As expected, a single band reactive for an antibody against the core protein of phosphacan was detected at an apparent molecular mass of Ն250 kDa in wild type samples (Fig. 4C) . In POMGnT1 knock-out samples, the phosphacan band was detected at a lower apparent molecular mass, consistent with the absence of extended O-mannosyl glycans. A similar shift in the apparent molecular mass was not detected for proteins recognized by antibodies against either neurocan or brevican, comparing wild type with POMGnT1 knock-out samples (Fig. 4C) . Together with the glycomic characterization of the enriched material (see below), these results suggest that A and B , input, flow-through (Flow), and fractions of eluate identified to contain RPTP/phosphacan were combined (Pur), dialyzed, and treated with either a control buffer (Ϫ) or BTH to remove CS-GAG chains (ϩ). A, samples were then electrophoresed on a 4 -12% SDS-polyacrylamide gradient gel. Gels were transferred to nitrocellulose or stained directly using Amido Black stain as a general protein stain or Stains-all to detect heavily charged proteins. The majority of nonspecific protein was identified in input and flow-through samples. In the Pur sample, a single Amido Black-reactive band that resolved above 250 kDa appeared only following BTH treatment (arrow). Staining with Stains-all revealed a high molecular mass smear that resolved well above 250 kDa; following BTH treatment, this smear collapsed into two single bands. The most intensely stained band resolved above 250 kDa (arrow), and a second less reactive band appeared just below this band and resolved around 250 kDa. M, molecular mass marker. B, Western blot analysis of the samples from A revealed that the most intense and highest molecular mass band in Pur was reactive for a core peptide antibody against RPTP/phosphacan, which appeared in both input and Pur samples only after treatment with BTH. The same band reactive for the RPTP/phosphacan core antibody was also reactive for Cat-315 and 3F8 antibodies, which detect O-mannose-linked epitopes and are specific to RPTP/phosphacan. The second less reactive band that resolved around 250 kDa was reactive for a peptide antibody against neurocan. Whereas bands corresponding to lower molecular mass CSPGs were not detected by Amido or Stains-all staining, a band that was weakly immunoreactive for an antibody against brevican was present in both the input and Pur samples. Increases in the intensity of bands reactive for RPTP/phosphacan and neurocan in the Pur relative to input were observed, suggesting that our protocol efficiently enriched for these CSPGs, whereas a similar enhancement of brevican reactivity was not observed. C, the soluble fraction from early postnatal wild type (ϩ/ϩ) or POMGnT1 (Ϫ/Ϫ) whole brains was prepared and treated with BTH to remove CS-GAG chains and then electrophoresed on 5% SDS-polyacrylamide gels. A single band reactive for core peptide antibody against RPTP/phosphacan resolved above 250 kDa and was shifted to a lower molecular mass in POMGnT1 Ϫ/Ϫ samples. The intensity of reactive bands in both ϩ/ϩ and Ϫ/Ϫ samples was similar. These findings are consistent with our previous study; however, these samples are from a different POMGnT1 mouse strain and demonstrate the specificity of our newly generated peptide antibody against RPTP/phosphacan. To determine whether other CSPGs also in our Pur sample were heavily decorated with O-mannose-linked glycans similar to RPTP/phosphacan, we performed Western blot analysis with core peptide antibodies against neurocan and brevican. No detectable shift in molecular mass was detected for neurocan-or brevican-reactive bands in samples from POMGnT1 Ϫ/Ϫ brains.
phosphacan was the predominant carrier of O-mannose-linked glycans in the preparation.
Glycomic Analysis of Phosphacan Preparations Reveals a Novel Diversity of O-Mannose-initiated Structures-Having
confirmed that our sample was highly enriched for O-mannosylated phosphacan, we characterized the O-linked glycan structures released by reductive ␤-elimination. Released glycans were permethylated to enhance the depth of structural information obtained by nanospray ionization-MS and by MS n . Full MS profiles of non-sulfated O-glycans (Fig. 5A ) and sulfated O-glycans (Fig. 5, B and C) The glycan structures reported in Table 1 were assigned based, at a minimum, on MS/MS fragmentation, and a selected set were further validated by MS n fragmentation to more completely investigate structural diversity (Fig. 6) . The most abundant O-mannosyl and mucin-type glycans gave robust fragmentation at MS2 (Fig. 6, A-C) . For the major O-mannosyl glycan (Fuc 1 Gal 1 GlcNAc 1 Man-itol, m/z 912.5), MS3 localized the Fuc substitution to the 3-position of the subterminal Hex-NAc, consistent with a Lewis x epitope (Fig. 6A ). Other Omannose-linked structures with novel structural features were also detected, including a terminally sialylated O-mannosyl tetrasaccharide containing a sialylated internal GlcNAc (NeuAc-Gal-[NeuAc-]GlcNAc-Man-itol, m/z 1460.7 [M ϩ Na] ϩ ; Fig. 6D ) and a complex O-mannose-linked glycan carrying a sialyl-LacNAc trisaccharide on one arm and a Lewis epitope on the other (Fig. 6E) . Fragmentation also demonstrated the existence of isobaric mixtures of glycans containing both O-mannosyl and mucin-type glycans. For instance, the molecular ion at m/z 1344.7 [M ϩ Na] ϩ contained a mixture of two different structures, including a branched terminally sialylated O-GalNAc trisaccharide and a branched terminally sialylated O-mannose trisaccharide (Fig. 6F ). In this case, the nearly equivalent intensity of the diagnostic fragments at m/z 1085.5 and m/z 1108.5 indicates an approximately equal mixture of these two relatively minor glycans. Another isobaric pair composed of O-mannosyl and mucin-type glycans was detected at m/z 983.5 (Table 1) .
Structural characterization of glycans that partitioned into the aqueous phase following permethylation revealed the pres- (Fig. 5B) . For all three sulfoglycans, MS n fragmentation supported the assignment of sulfation on either the Gal or the GlcNAc residue (Fig. 7) . In the case of the sulfated, sialylated O-mannosyl tetrasaccharide (S 1 NeuAc 1 -Gal 1 GlcNAc 1 Man-itol, m/z 1187.5 [M ϩ 2Na Ϫ H] ϩ ), sulfation and sialylation were detected on both the Gal and GlcNAc residues; MS 3 of m/z 560 yielded a fragment ion at m/z 347 indicating Gal sulfate and an internally sialylated GlcNAc, whereas the fragment ion at m/z 315 demonstrates the existence of sialyl Gal sulfate (Fig. 7, C and D) . Likewise, in the case of the sulfated, fucosylated O-mannosyl tetrasaccharide, m/z 954, sulfate was also detected on both the Gal and GlcNAc residues ( Fig. 8) .
Previous characterization of the epitope recognized by Cat-315 antibody identified sulfated HNK-1 epitope as a likely candidate, composed of a sulfated terminal glucuronic acid that is O-mannose-linked to RPTP/phosphacan (14, 38) . Consistent with this assignment, we detected glycans having both nonsulfated and sulfated terminal glucuronic acid on O-mannoselinked glycans (Fig. 9 ). Together, these data suggest that phosphacan is heavily decorated with a variety of O-mannosyl glycan structures, including novel sulfo-LacNAc modifications and terminal O-mannose-linked HNK-1 glycans.
DISCUSSION
RPTP/phosphacan is required for normal nervous system development and function (32, 33, 35) . Whether O-mannosylation of this protein contributes to its function has been more difficult to determine, due to the predominating role of another highly mannosylated glycoprotein (␣-DG) in CMDs. Nonetheless, the enriched expression of RPTP/phosphacan in the CNS and its abundant decoration with O-mannosyl glycans suggest that it may contribute to neurological pathology in these disorders. This study provides a detailed analysis of O-mannosyl antibody epitopes on RPTP/phosphacan, a comprehensive characterization of the O-mannose-linked glycan structures that decorate this protein, and a clear demonstration of its cell-specific glycosylation. These elements comprise critical steps toward understanding the precise function of RPTP/ phosphacan glycosylation.
Previous studies have convincingly demonstrated that Cat-315 and 3F8 are specific to RPTP/phosphacan in the early developing brain (21, 38) . Our results suggest that O-mannosyl glycoforms of RPTP/phosphacan detected by the Cat-315 and 3F8 antibodies predominately detect non-overlapping populations of neural cells. Whereas Cat-315-immunoreactive RPTP/phosphacan primarily decorates neurons in the brain (39), 3F8-immunoreactive RPTP/phosphacan primarily stains the surface of glial cells, including astrocyte and oligodendrocyte precursors. It is interesting to speculate that in the normal brain, the specific elaboration of O-mannosyl structures may APRIL 17, 2015 • VOLUME 290 • NUMBER 16 APRIL 17, 2015 • VOLUME 290 • NUMBER 16
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serve to tailor ligand interactions in a cell type-specific manner to modify the function of RPTP/phosphacan.
The distribution of Cat-315, 3F8, and 5210 epitopes across the entire population of RPTP/phosphacan protein molecules has been largely unknown. Our data demonstrate that the O-mannosylated glycoforms of RPTP/phosphacan detected by Cat-315 and 3F8 are largely separable. Furthermore, RPTP/ phosphacan recognized by antibody 5210 was preferentially detected by Cat-315 over 3F8. All three glycoform populations were similarly reactive for the HNK-1 epitope. These results highlight the specificity with which proteins can acquire differential glycosylation patterns and indicate that glycoform heterogeneity is not random. Given the discrete nature of the glycoforms detected by antibodies against RPTP/phosphacan, it is essential that efforts to identify endogenous ligands for RPTP/phosphacan consider the potential biases associated with antibody-based enrichment strategies (22, 23, 47) .
The presence of reducing end mannitol in preparations of brain CSPGs was described nearly 3 decades ago (4, 6, 48) . Our previous work further showed that RPTP/phosphacan is hypoglycosylated in the brains of POMGnT1 knock-out animals and shifted to a lower molecular mass, suggesting that RPTP/phosphacan is a significant substrate for O-mannosyl glycosylation (14) . However, the full structural diversity of these glycans has been only partially characterized. We have now expanded the breadth of the characterized O-linked glycan structures on RPTP/phosphacan using a highly enriched preparation.
A recent study by Pacharra and colleagues (49) reported the presence of O-mannose-linked glycans on CSPGs belonging to the lectican family, especially neurocan, brevican, and versican. We show that our RPTP/phosphacan preparation was significantly depleted of brevican and somewhat enriched in neurocan, albeit to a lesser extent than the enrichment for RPTP/ phosphacan. In calf brain lysates, Pacharra and colleagues (49) reported almost 10-fold greater abundance of mucin-type O-GalNAc-linked glycans in comparison with O-mannosyl glycans in samples enriched for neurocan, brevican, or versican. Likewise, a neurocan-enriched fraction that they prepared from mouse brain was more than 2-fold enriched for the mucin-type mono-and disialyl-Core 1 glycans in comparison with O-mannosyl glycans. This enrichment in mucin-type glycans is in stark contrast to the more than 2-fold enrichment of O-mannosyl glycans that we detected in our RPTP/phosphacan preparations, indicating a significantly higher relative abundance of O-mannosyl glycans on RPTP/phosphacan in comparison with neurocan/brevican/versican. Although it is possible that differences in developmental timing or interspecies glycosylation may impact RPTP/phosphacan glycan profiles, the relative enrichment of O-mannosyl glycans, coupled with our inability to detect a molecular mass shift for neurocan or brevican in POMGnT1 knock-out brains, indicates that the glycan profile reported here faithfully represents the diversity of O-mannosyl glycans linked to RPTP/phosphacan.
The O-mannose-linked glycans that we detected on RPTP/ phosphacan include a variety of elongated and branched structures. POMGnT1 activity is required for extension of O-mannosyl glycans and for ␤1,6-branching of O-mannosyl glycans by GnTVb/GnT1X (20, 50, 51) . The O-mannosyl glycans detected on our enriched RPTP/phosphacan preparation were also reported to be absent in POMGnT1 knock-out brains (20) , strongly suggesting that RPTP/phosphacan is a major contributor to O-mannosyl glycan diversity in the mouse brain. The major O-mannosyl glycan detected in our enriched RPTP/ phosphacan preparation was a fucosylated tetrasaccharide (Lewis x epitope) (m/z ϭ 912.5; Fig. 5 ), in agreement with previous reports of O-mannosyl glycan diversity in wild-type mice (20) . Interestingly, this fucosylated O-mannose glycan is also the major O-mannosyl glycan detected in mice lacking ␣-DG, further indicating that RPTP/phosphacan is a major brain substrate for O-mannosylation (20) . Consistent with these observations, Oka and colleagues (52) have recently reported that RPTP/phosphacan is the primary carrier of the Lewis x glycan in the developing brain. Our current data detail the precise glycan structure of the Lewis x epitope on RPTP/phosphacan as well as its relative abundance within the whole glycan profile and its multiple forms (sulfated, sialylated, and unextended), which should assist further efforts to decipher the function of this modification.
Recent work has shown that a phosphorylated O-mannosyl trisaccharide (GalNAc-␤3-GlcNAc-␤4-(phosphate 6)-Manitol) is required for ␣-DG to bind laminin. This glycan structure is synthesized by the cooperative efforts of the atypical protein kinase SGK196, which phosphorylates mannose at the 6-position, and protein O-mannose ␤-1,4-N-acetylglucosaminyltransferase 2 (POMGNT2/AGO61/GTDC2), which catalyzes the addition of a ␤1,4-linked GlcNAc. This GlcNAc residue is then extended with a terminal ␤3GalNAc, catalyzed by ␤-1,3-N-acetylgalactosaminyltransferase 2 (53) . The presence of this phosphorylated O-mannose trisaccharide is required for the addition of laminin-binding glycans catalyzed by LARGE, consisting of a repeating xylose and glucuronic acid oligosaccharide (53) (54) (55) (56) (57) (58) . Our previous study demonstrated that the molecular mass and reactivity of O-mannose-linked glycan epitopes on RPTP/phosphacan were unchanged in mouse models of LARGE myodystrophy mutant mice (14) . Accordingly, we did not detect a phosphorylated mannose modification or GalNAc-GlcNAc-Man-itol disaccharides that would be consistent with a ␤1,4-linked branch structure. This result suggests that RPTP/phosphacan is not a substrate for SGK196, AGO61, ␤-1,3-N-acetylgalactosaminyltransferase 2, or LARGE and therefore does not have Core M3 modifications and lamininbinding glycans. The findings from this study support that RPTP/phosphacan is decorated with ␤1,2-elongated and ␤1,6- branched structures, having both Core M1 and Core M2 structures, and is an apparent substrate for POMGnT1 and GnTVb, which agrees with previously published work (14, 59, 60) .
Although the laminin-binding function of Core M3 modifications on ␣-DG is well characterized, the function of the Core M1 and M2 modifications is less understood. Recently, it was demonstrated that GnTVb/GnTIX knock-out mice, which lack ␤1,6-branched structures and have reduced Cat-315-immunoreactive RPTP/phosphacan, had no obvious neurological phenotypic abnormalities (60, 61) . However, a study by Kanekiyo et al. (61) demonstrated that GnTVb/GnTIX knock-out mice had impaired astrocyte activation and an enhanced ability to remyelinate axons in a cuprizone-induced demyelinating model. Therefore, a possible function of branched O-mannose-linked glycan structures may be in mediating responses following neural insult and injury. Other data suggest that branched O-mannose-linked glycans also have a role in regulating the phosphatase activity of RPTP. Abbott et al. (57) showed that forced expression of GnTVb/GnT1X enhanced the branching of O-mannosyl glycans on RPTP and induced galectin-1-mediated receptor dimerization, which subsequently inhibited the phosphatase activity of RPTP and increased the phosphorylation of ␤-catenin.
Our past work suggested that RPTP/phosphacan was elaborated with rare O-mannose-linked HNK-1 glycans (14) . Recent work detailed the structures of glycans carrying the HNK-1 epitope on RPTP/phosphacan and showed that this protein is the main carrier of unique O-mannose-linked terminal HNK-1 glycans (62). HNK-1 glycans have a role in learning and memory (63, 64) , and RPTP/phosphacan knock-out mice have been shown to exhibit parallel deficits (35) , suggesting that O-mannosyl glycans may be responsible for these changes.
In our O-glycan analysis, we identified several novel O-mannose-linked glycan structures. Of particular interest were the numerous O-mannosyl structures bearing sulfo-LacNAc modifications. The existence of sulfated O-mannosyl glycans on brain CSPGs was first suggested in elegant compositional and fast atom bombardment MS studies performed over 25 years ago (48) . Our results further define the diversity of the glycan core structures found on RPTP/phosphacan that carry sulfate. For instance, all of the sulfo-LacNAc disaccharides that we detected existed as isomeric mixtures of glycan topologies that encompass sulfated Gal or sulfated GlcNAc residues, with and without sialic acid. The identified set of proteins bearing O-mannosyl glycans is growing rapidly and now includes the lecticans (49) , cadherins (15, 17) , Neurofascin186 (16) , and CD29 (13) in addition to RPTP/phosphacan and ␣-DG. However, it is currently unclear whether all of these O-mannosylated proteins carry the same array of glycan structures, particularly sulfated O-mannosylated glycans. The technologies that we have used to characterize glycan sulfation on our RPTP/phosphacan preparation will now need to be applied to enriched preparations of other O-mannosylated proteins in order to more fully appreciate the protein specificity of O-mannosyl glycan diversity.
In summary, our results demonstrate that O-mannosyllinked carbohydrate epitopes on RPTP/phosphacan, detected by Cat-315 and 3F8 antibodies, differentially decorate neuronal and glial subclasses, respectively. We also demonstrate that Cat-315-and 3F8-reactive RPTP/phosphacan pools are biochemically distinct. Our analysis of the structural diversity of O-mannose-linked glycans on RPTP/phosphacan, including sulfated structures, indicates that RPTP/phosphacan is a significant substrate for O-mannosyl glycosylation and suggests that these glycan modifications tailor protein function in a cell type-specific manner.
